Chicken, rat and human U1A RNAs in solution, were examined for secondary structure, using several methods including hydrolysis by various nucleases, hybridization to DNA oligomers and analysis of fragment interactions. The. experimental results showed that the three U1A RNAs have the same structure, stable over a wide range of pH and ionic conditions. They allowed the selection of one out of several possible models constructed from the data of primary structure. This model is characterized by 4 hairpins and two single-stranded regions, the two hairpins from the 3' part of the molecule bearing very stable stems. In addition, the experimental results showed that in contrast to the 5' half of the molecule, the 3' half has a compact conformation probably stabilized by tertiary interactions. The 5' end of U1A RNA is accessible and free of base-pairing so that it might base-pair with regions of other RNA molecules, for instance, with the extremities of introns as has been recently proposed in a model of splicing.
INTRODUCTION
We recently determined the nucleotide sequence of U1A RNA from chicken, rat and man (1) . Observations made in the course of this work suggested the existence of very stable base-pairings within the molecule. This paper reports an experimental study of the conformation of U1A RNA in solution. This study is based on different methods including hydrolysis by various nucleases, hybridization to DNA oligomers and analysis of fragment interactions. The results are interpretated on the basis of putative secondary structures constructed from chicken,rat and man U1A RNA primary structures. Implication of the data for the model of splicing in which U1A RNA align the extremities of introns (2, 3, 4) is discussed.
MATERIALS AND METHODS
1. Pregaration_of _3' _end-labeled U_^A_RNA was previously described (1).
Limited.digestions_of_3^_end-labeled RNA_in_denaturing_conditions were
performed with chemical reagents according to Peattie (5) or with ribonu-cleases as previously described (6).
3. Li5ited_digestions_of_3_^ end-labeled UlA RNA in non~denaturing_condi.tions_ L _ For each assay, 0.1 yg of UlA RNA mixed to 2.5 yg of carrier tRNA was used.
Immediately after digestion, the RNA was loaded on polyacrylamide slab gels (900 x300x 0.5 mm) made up in Tris-borate-buffer.
Digestion with Tl RNase was in 6 yl of 10 mM Tris-HCl pH 7.5 buffer containing 1 or 10 mil MgCl.. After a 10 min preincubation at 37°C the hydrolysis was performed for 2-10 min at the same temperature with 0.01 U of Tl RNase. It was stopped by addition of 1 yl of 400 mM NaH.PO, pH 3.3 (7) .
Digestion with SI nuclease was in 6 yl 50 mM KC1, 1 mM ZnCl., 25 mM Na acetate pH A.5 containing 1 or 10 mM MgCl,,. In some experiments this buffer was replaced by 25 mM Na citrate, 10 mM MgCl 2 , 1 mM ZnCl, pH 6.3 buffer. After a 10 min preincubation at 37°C, the digestion was performed for 2-10 min at the same temperature with 2.5 U of SI nuclease. It was stopped by addition of 5 yl of 10 mM ATP (7) .
Digestion with Naja oxtana RNase (8) was carried out for 2-10min at 0°C in 6 yl 10 mM MgCl., 10 mM Tris-HCl pH 7.5 buffer in the presence or absence of 350 mM KC1. It was stopped by addition of 2 yl 100 mM EDTA (8) . 4 . Hy.bridization_of _KNA_to_DNA o lig.9J2eEs_and_c^eavage_by__RNase_H. The procedure was that described by Donis-Keller (9) . 1 yg of UlA RNA was hybridized with 2.5 yg of (dCp)6, (dAp)6 or (dGp)6 oligonucleotides in 4 mM MgCl., 1 mM dithiothreitol, 40 mM Tris-HCl pH 7.9 buffer. The reaction mixture was heated at 50°C for 3 min and then incubated at 30°C for 30 min. The hydrid was hydrolyzed with 1 U of RNase H for 30 min at 30°C. The resulting RNA fragments 32 were then labeled with 5'-{ P} pCp and RNA ligase (10) and fractionated by polyacrylamide gel electrophoresis. 
Naja oxiana
A s previously described for tRNA by Wrede et al. (7), 3' endlabeled U1A RNA was partially digested with Tl and SI nucleases under conditions allowing the cleavage of single-stranded regions only. In addition, we also employed Naja oxiana nuclease under the conditions of cleavage of nucleotides involved in secondary or tertiary interactions (12) . In all cases, the resulting fragments were electrophoresed. For the identification of the nucleotides preferentially cleaved in such mild conditions, U1A RNA was treated in denaturing conditions as for RNA sequencing and the fragments were electrophoresed in parallel. As apparent in Figure 1 , differences of electrophoretic mobilities are observed for products having the same base residues but issued from different types of digestion. This is due to the fact that digestions with SI and Naja oxiana nucleases release products bearing a phosphate at their 5'end whereas the fragments released by Tl RNase or boiling water lack this phosphate. The difference of mobility decreases relatively when the length of the fragment increases. As the localization of cuts by SI and Naja oxiana nucleases became rough near the 5' end of the molecule, different gel concentrations had to be used for a complete analysis of the digestion patterns.
3' end-labeled U1A RNAs from chicken, rat and HeLa cells were partially digested with the 3 enzymes in the presence of 10 mM MgCl-which maximizes base-pairing. Furthermore, the buffer conditions were selected in order to maximize enzyme activities. SI nuclease was employed at its optimum pH (4.5) and digestion with Naja oxiana RNase was performed in the presence of 350 mM KC1 which increases its activity (12) . The reactions were stopped by addition of NaH PO , pH 3.3 for Tl RNase (7), of ATP for SI nuclease (7) and of EDTA for Naja oxiana RNase. The digests were immediately fractionated by gel electrophoresis. As can be observed in Figure 1 , the patterns of digestion are the same for U1A RNA from chicken, rat and man, indicating that their secondary and probably tertiary structures are similar.
A variation of the duration of hydrolysis did not modify the patterns of digestion. (Fig. la) . Only a reinforcement of certain bands was observed. This means that the base-pairs of U1A RNA are resistant to strong hydrolysis even by Naja oxiana RNase which specifically cleaves structured regions. Then, we looked for the effect of mono and divalent cation concentrations on UlA RNA structure. The influence of divalent cations was tested with Tl and SI nucleases. As can be seen in Figure lb , when the Mg concentration was lowered from 10 to 1 mM, similar patterns of digestion by Tl and SI nucleases were observed. All the major bands were detected but with slightly different yields. This might be related to a change in the tertiary structure of UlA RNA but not in its secondary structure. The influence of monovalent cations was tested with Naja oxiana nuclease. As shown by the lower intensity of the bands on the gel (Fig. lb) , the rate of hydrolysis decreases in the absence of KC1. This was expected from the requirement of monovalent cations for maximum enzyme activity. However, the relative yield of the bands was conserved indicating that the structure of UlA RNA was not modified in the presence or absence of 0.3 M KC1. Therefore, the structure of UlA RNA is stable over a wide range of ionic conditions. As the results of Tl and SI nuclease digestions which were performed at pH 7.5 and 4.5 respectively,were in good agreement, the structure of UlA RNA should also be stable over a wide range of pH.
1.2 RNase H digestion of UlA RNA hybridized with deoxyoligonucleotides and study of the released fragments. This approach was used 1) in order to identify single-stranded regions owing to their ability to bind oligodeoxynucleotides, 2) in order to produce UlA RNA fragments whose structure can be analyzed using Tl, SI and Naja oxiana nucleases, as described above.
ideyvti^laatAjon ofc kyt»U.dLLzed HZQumi.
UlA RNA was incubated in the presence of oligo (dGp)6, (dAp)6 and (dCp)6 under mild conditions preserving RNA secondary structure. For the detection and identification of RNA-DNA hybrids, the mixture was hydrolysed with RNase H which specifically digests DNA-RNA hybrids (9) . The resulting products with free 3'-OH were 3' end-32 labeled by ligation with {5'-P}pCp. They were fractionated by polyacrylamide gel electrophoresis. No specific cleavage of UlA RNA occurred with oligo (dAp)6 and oligo (dCp)6. In contrast, specific cleavages were observed when UlA RNA was hybridized with oligo (dGp)6 ( Figure 4 , but the values must be considered as rough. Indeed, whereas the free energy corresponding to the formation of base-pairs within a classical hairpin are rather well defined (13, 14) , no experimental data allow the calculation of destabilizing effect due to the existence of branched structures.
Pipas and Me Mahon (15) established a computer program for determining RNA secondary structure. In this program, they assign zero energy to every multibranched internal loop. As Salzer (16), we feel that this may not correspond to reality. But the problem is how to estimate the corresponding destabilizing energy. We considered a branched structure as resulting from a stem with an interior or a bulge loop which is itself structured. Thus, the corresponding free energy was the sum of the free energies due to base-pairings in the stem and in the structured loop, diminished by the destabilizing effect due to the presence of this loop. The value taken for this effect was that established by Tinocco et al. (14) for a non structured loop of the same length. However, this way of calculation does not take into account the steric hindrance that may exist at the level of a branched loop. For instance, on a steric point of view, the branched structure proposed in model 2 might be difficult to form, and the stability of model 1 compared to those of models 2, 3 and 4 might be higher than expected from the calculated values.
2.2 The most jirobable structure. These 4 models may now be discussed on the basis of the experimental results described above.
Hybridization experiments are in agreement with the 4 models. Thus all the runs of 5 guanines which might have hybridized to (dCp)6 are base-paired.
Among the runs of uridines which might have hybridized with (dAp)6, only U-U-U-G-Up [128-132] is free in the models but is probably not long enough to form a stable hybrid (17) . Most of the long stretches of pyrimidines which would be good candidates for hybridization with (dGp)6 are base-paired in the models and only C-U-C-Cp [72-75] which indeed hybridized with this oligonucleotide is single-stranded (hairpin-loop b). These experiments strongly suggest that U1A RNA bears the features common to the 4 models, in particular hairpin-loop b.
The existence of this hairpin-loop t> and of the three other ones is in good agreement with the sensitivity of the corresponding parts of the molecule to Tl and SI nucleases. This is also true for the single-stranded region 125-137. The results of enzymatic digestion of the region 118-121 are not in such good agreement with the single-stranded structure proposed for this region in all the models, but this may be accounted for by the existence of tertiary interactions or of steric hindrance as will be discussed below. An additional singlestranded region [120-124] is proposed in model 2 but may be eliminated in view of hydrolysis by Naja oxiana nuclease and of absence of hydrolysis by Tl and SI nucleases. On the other hand, as the 5' terminal region [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] is sensitive to SI nuclease, it should be single-stranded. This is only the case in model 4, but it should be pointed out that in model 3 only cytidine 14 is base-paired with the 3' terminal guanine, the other 13 nucleotides being free, and in model I depending upon the modification of nucleotide 7,the base-pairing proposed for the segment 7-10 may be unstable. Therefore, we will now introduce a model I I (Fig. 5) which only differ from model 1 by the opening of the base-pairing between segments 7-10 and 133-136. Model 2 can be eliminated on the basis of enzymatic digestion results but the choice between models 1', 3 and 4 requires examination of the other experimental results described above.
In the study of fragment 1 released by RNase H digestion, we observed that nucleotides from the region 1 to 73 should be hybridized to nucleotides from region 76-83 but not to those of region 91-165. This result is compatible only with model I 1 . On the other hand, we observed a strong association between fragment 70-153 and 154-165. This association might well be explained by the existence of the stable 3' terminal hairpin in model 1'. In models 3 and 4, the fragment 154-1S5 would be strongly associated with fragments containing the sequences 14-22 and 50-57, respectively, a factwhich is not compatible with the experimental results. Therefore, these two types of experiments strongly suggest that U1A RNA in solution has the structure I 1 .
Observations, previously made in the course of U1A RNA primary structure determination, reinforce this idea. Indeed, the major difference between model 1' and models 3 and 4 is the existence of the stable 3' terminal hairpin in model 1 ' only. When the enzymatic method of RNA sequencing was applied to 3' or 5' end-labeled U1A RNA, nucleotides 139 to 165 were hardly cleaved by the The same structure could be deduced from experiments with 3' and 5' endlabeled U1A RNA showing that the cytidine added during 3' end-labeling did not change the RNA structure. In addition, it should be mentioned that the Figure 6 . Sequencing gel of 3' end-labeled ENZYMATIC I CHEM. U1A RNA from chicken. 3' end-labeled U1A RNA was analyzed by both the enzymatic and the C u G ^^-J^'^J j U^k chemical methods for RNA sequencing. In the enzymatic method, we used Tl (G), pancreatic (U + C), Phy I (-C) and U 2 (A) RNases hydrolyses and digestion in boiling water (L). The various digests were fractionated on a 25% polyacrylamide gel.
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base substitutions occurring during evolution from chicken to man either occurred in single-stranded regions or did not alter base-pairing (6 and 3 substitutions, respectively).
Thus, several lines of evidence are in favor of structure 1' for UlA RNA in solution. For further discussion, the hairpins of model 1' will be designated from I to IV and the single-stranded regions from a to g.
3.
Informations on the tertiary structure of UlA RNA in solution. As seen in Figure 1 and schematized in Figure 4 , the rates of cleavage of the various regions of UlA RNA by each of the three nucleases differ widely. Comparisons of these rates may provide information on the tertiary structure of UlA RNA.
Several considerations should be taken into account for such investigation.
1) A weak enzymatic cleavage may be the consequence of steric hindrance or of the involvement of the concerned RNA region in tertiary interaction. 2) SI nuclease being a larger molecule than Tl or Naja oxiana nucleases (350 000 instead of 11 000 and 15 000 daltons, respectively), steric hindrances will be more marked for SI than for the other nucleases. 3) When two enzynatic cleavages occur at the same rate, that proximal to the labeled end will be visualized as a stronger band on the sequencing gel. Nevertheless, a remark can be made on the peculiar way this enzyme cuts hairpins I, II and III. In each case, it primarily cleaved the parts of the 5' strand close to the hairpin loop. This might be accounted for by enzyme specificity, but such feature was never described. An alternative is that these 5' parts of the hairpin-stems are located on the surface of the molecule and are the most accessible to the enzyme. The high rate of cleavage of the region U97-C101 suggests, in any case, that this region is particularly exposed. The behaviour of the stem of hairpin IV is different as no such specific site of cleavage was observed.
DISCUSSION
The experimental studies described above show that chicken, rat and human U1A RNAs have the same secondary structure, in solution. This structure is characterized by 4 hairpins and two single-stranded regions. It is stable over a wide range of ionic and pH conditions. This is probably due to the presence of stretches of G-C pairs in each of the 4 hairpin-stems. The stability of the hairpins from the 3' region of the molecule is particularly high, since part of hairpin III and hairpin IV even resist 8 M urea at acidic pH. Hairpin IV might protect the 3' end of the RNA from exonuclease attack, as the cap structure might do for the 5' end. In addition, our data show that the 3' part of the molecule has a compact conformation which is probably due to the existence of tertiary interactions, whereas the 5' part of the molecule has a looser and less stable structure. The hairpin-loops a and b are very accessible to nucleases and the stem of hairpins I and II are less stable than those from hairpins III and IV (Fig. 5 ) .
The compact conformation of the 3' end of the molecule may explain the lower yield of 3' end-labeling of U1A RNA compared to those observed for 5S and tRNAs (unpublished observations). It may also explain the absence of basepairing between segments 7-10 and 133-136.
As mentioned above, calculation of the free energy of the various secondary structure models was difficult due to the presence of branched structures. In our calculation, we penalized such branched structures and, in this way, the experimentally determined structure I 1 had a higher stability than structures 2, 3 and 4. In the absence of such penalization as proposed by Pipas and Me Mahon (15), a higher stability of structures 3 and 4 as compared to structure 1' would have been found. It must also be remembered that tertiary interactions which are quite marked in the case of structure I 1 have a stabilizing effect and were not taken into account in the calculations of free energy.
If structure 1' is the most likely for U1A RNA in solution because of its stability and of its compatibility with experimental results, we cannot exclude that structures 3 or 4 exist in vivo or that transitions between these structures occur according to the physiological state. But even if mediated by proteins, the probability of such transition is low in view of the high stability of structure I 1 over a wide range of pH and ionic environment. The conformation of D1A RNA in vivo is currently investigated.
Like the other sriRNAs, U1A RNA was found to be associated with proteins in free snRNPs and in hnRNPs (18) (19) (20) (21) . It is also directly associated with hnRNA probably by hydrogen bonds (22, 23) . The very exposed hairpin-loops £ and _b are good candidates for binding proteins in hnRNPs or snRNPs, whereas the two single-stranded regions e_ and £ which are not closed by base-pairing within the molecule of U1A RNA are good candidates for association with hnRNA.
Regions e and f do not seem to be very exposed at the surface of the molecule, but RNA-RNA interactions are less prevented by steric hindrance than RNAprotein interactions.
According to a certain complementarity between the consensus sequence of premessenger RNAsat the extremities of introns, the 5' end of U1A RNA was proposed to insure the proper alignment of these sequences for correct splicing (2, 3 ) . The authors of this hypothesis considered that the large region from nucleotides 4 to 22 was involved in the mechanism. Within isolated U1A
RNA, the segment 4 to 14 is the single-stranded region e, the segment 19-22
is base-paired with the segment 42-45 but due to the presence of two G.U pairs the interaction is not very stable. On the other hand, the three guani- 
